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 SUMMARY 
 
In this work, thin carbon fibre reinforced plastic (CFRP) structures were coated with 
an organic-inorganic resin system for improved resistance to the low Earth orbit (LEO) 
environment. Thin structures of this type have been proposed for use in solar sails and 
other large deployable structures. The ultra-light, long extendible members were 
primarily composed of aromatic, high stiffness epoxy resin (TGDDM) cured with 
aromatic polyamines. This resin system was chosen because the high aromatic 
content provides excellent stiffness and creep resistance that are critical for this 
application. However, the resin’s aromaticity contributes to degradation by ultraviolet 
radiation and oxidation. The proposed solution involves shielding aromatic rings and 
organic chemical bonds that are prone to degradation by UV rays, with a cycloaliphatic 
resin system additionally reinforced with silicon nanostructures. By applying surface 
coating a significant decrease in roughness was observed and the surface degradation 
due to UV radiation prevented.  
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1. GENERAL INTRODUCTION 
 
Deployable structures are widely used in applications where storage space is limited. 
This is particularly true in the space industry where they can be found in applications 
such as masts, booms or antennae [1]. However, in order for these devices to be 
practical and widely used, the volume and mass of their components must be 
effectively minimized. Volume minimization can be achieved by using deployable 
structures, with very high packaging efficiency, while mass minimization can be 
realized by using lightweight materials such as CFRP that offer excellent strength-to-
weight performance and flexibility that is essential for deployable structures that need 
to appear in both stowed and deployed configurations (Figure 1). Using CFRP 
structures over corresponding metal counterparts reduces a mast's mass by about 
one third. Composite materials also tend to have a lower coefficient of thermal 
expansion (CTE) than metals, which aids in reducing thermal distortions when 
exposed to the Sun.  Another very significant advantage of CFRP materials is the 
possibility of manufacturing ultra-thin structures that are bi-stable, which leads to a 
reduction in the excessive strain that has undesirable effects for the deployment [2].  
 
Figure 1 CFRP deployable structure in extended, coiled and during deployment configurations. 
 
Despite the various advantages that CFRP materials offer, it is also known that 
composites are significantly affected by extreme environments. The space 
environment consists of high vacuum, ultraviolet radiation and high energy particles. 
A significant amount of research conducted in both the actual space environment [3] 
and in simulated space facilities [4] has shown that plastics erode while exposed to 
the environment of LEO. Various studies show that the life span of composites can be 
significantly prolonged by the incorporation of inorganic phases and the creation of a 
hybrid organic-inorganic material that exhibits enhanced properties separately derived 
from each phase. Research shows higher retention of mechanical, thermal and 
surface properties in epoxy composites modified with polyhedral oligomeric 
silsesquioxane (POSS) [5] or nanosilica (SiO2) [6]. Most interestingly, it was shown 
that silicon-rich surfaces bombarded with atomic oxygen (the most abundant species 
in LEO), form a self-protective thin silica layer [7]. 
The aim of this work is to obtain a CFRP deployable structure with a silicon-rich epoxy 
coating that can provide protection of the reinforcement and underlying aromatic epoxy 
from degradation by ultraviolet rays. It is believed that a polymeric-based coating will 
match the underlying epoxy substrate more readily than a metallic one [8]. The 
suggested epoxy coating is a cycloaliphatic epoxy and amine system which is less 
susceptible to UV degradation, additionally reinforced with inorganic POSS or silica 
nanostructures. The properties of treated and untreated samples were studied after 
exposure to a simulated UV space environment.   
 
 
 
 
2. MATERIALS AND METHODS  
 
2.1 Materials 
CFRP masts were manufactured using a one part TGDDM resin system, MTM44-1 
toughened epoxy resin in a prepreg form as a core resin, supplied by Cytec (USA). It 
is a high performance epoxy matrix that provides sufficient stiffness to support a 3 
meter long structure, and has NASA approved outgassing parameters. Due to the 
limited stowage space the thickness of the laminate must be minimized, therefore an 
ultra-thin epoxy resin film was used in combination with carbon fibre braid (90 gsm) 
supplied by A&P Technology Inc. (USA) and a unidirectional ply (32 gsm) supplied by 
Oxeon (Sweden). The cycloaliphatic epoxy used for surface varnishing was an Araldite 
CY 179 supplied by Huntsman, cured with Aradur 2954 cycloaliphatic polyamine. The 
inorganic nanomodifiers were silica nanopowder (10-20 nm) supplied by Sigma-
Aldrich and Epoxycyclohexyllsobutyl POSS provided by Hybrid Plastics (USA).  
2.2 Materials processing  
The CFRP deployable structure was manufactured by preparing a laminate, 
composed of three plies, identical carbon fibre braid plies on the top and bottom and 
one ply of unidirectional fibres between them. Each ply was impregnated with a film of 
TGDDM epoxy resin. The stacked laminate was coated with a surface varnish, all 
epoxy modifiers were used in a liquid form and impregnated using a paint roller. The 
content of the modifier was 2.5 wt. % of the whole resin system. To improve silicon 
dispersion, hardeners and silicon modifiers were firstly mixed and sonicated for at least 
1 h. After that the CY resin was added and impregnated samples were cured on a 
cylindrical mandrel, wrapped in polyimide shrink tape and covered in insulation 
blankets for 45 min at 90˚C followed by 3h at 160 ˚C.  
2.3 Experiment setup 
Cured samples were exposed to ultraviolet radiation generated by a 200 W deuterium 
lamp (Heraeus, model D200VUV) with wavelengths in the range of 115-400 nm for 
24h in a vacuum chamber holding a pressure of 2.2×10-4 Pa. Samples were placed at 
the distance of 32 cm from the lamp’s window. The UV lamp operated continuously at 
the current of 1.2 A.  
2.4 Characterization techniques 
Surface chemistry was characterized by Fourier transform infrared spectroscopy 
(FTIR) in the Attenuated total reflectance (ATR) mode, using an Agilent Cary600 FTIR-
ATR spectrometer, 32 scans per sample, resolution 4 cm-1 in absorbance mode. The 
depth of penetration for the germanium crystal/epoxy resin system is approximately 
0.5-2.8 µm [9]. Topography was evaluated, using a laser scanning confocal 
microscope (Zeiss, LSM 700), and the topography parameters were obtained using 
ConfoMap Surface Imaging and Analysis Software for ZEISS microscopes. 3D images 
were obtained with a 10x objective and dimensions 1x6 mm. Studies of surface 
morphology and composition were carried out using scanning electron microscope 
(SEM, JEOL 7100 F). Mapping of the silicon distribution over the scanned area was 
performed using Energy Dispersive X-ray spectroscopy (EDX) on the same SEM 
apparatus. Thermogravimetric analysis was performed using TGA Q500, TA 
Instruments under air, heating from room temperature to 850˚C at 10˚C per minute. 
 
3 RESULTS 
3.1 Surface morphology 
The microstructural analysis obtained using SEM makes it possible to observe the 
dispersion of modifying particles in the epoxy matrix (Figure 2). It is  apparent  that  
there  are  regions  within  the  POSS-modified  sample  with  poorly  dispersed  POSS 
particles. Mono-functional POSS exhibits a high tendency to self-agglomeration, due 
to the fact that it is surrounded by seven unreactive groups and its reactivity with the 
epoxy/amine backbone is made difficult [10]. In the case of the silica-modified sample   
the tendency to form agglomerates is less evident, and the size of agglomerates is 
much smaller, approximately 5-10 µm in comparison to 50 µm formed by POSS.  
 
Figure 2 Morphology and silicon distribution within CY/Amine/POSS system (a) and CY/Amine/SiO2 (b).  
 
3.2 Surface topography 
Ultra-thin TGDDM film that was primarily used for manufacturing of CFRP structures 
did not cover the surface uniformly (Figure 3a). Applying the polymeric coating 
produced a smoother surface (Figure 3b, c) and decreased the surface average 
roughness (Sa) from 83.4 µm to 5.34 µm using the CY/Amine/SiO2 system and to 8.08 
µm using the CY/Amine/POSS system. The higher Sa value in the POSS-modified 
system is most likely caused by large POSS agglomerates and phase segregation 
within a sample.  
 Figure 2 Topography of CFRP structure without surface treatment (a) and treated with CY/Amine/SiO2 (b) or 
CY/Amine/POSS (c) coating. 
3.3 Mass loss measurements 
The effects of surface modification with a protective organic-inorganic coating were 
firstly evaluated by measuring the mass loss caused by outgassing and UV radiation. 
Untreated TGDDM sample lost 1% of its initial mass, while CY/Amine/POSS system 
lost 0.6% and no mass loss was recorded for CY/Amine/SiO2 system.  
All samples, before and after UV radiation were subjected to a TGA test (Figure 4). 
The aim of this test was to evaluate the influence of the cycloaliphatic modified system 
on the thermal stability of TGDDM resin. As expected, the aliphatic part starts 
degrading sooner, at approximately 150˚C. The UV radiated CY/Amine/SiO2 system 
behaves invariantly before and after UV radiation. In case of POSS-modified system, 
a decrease in thermal stability is observed. This is probably due to the fact that the 
large agglomerates that POSS forms decrease the level of crosslinking, which makes 
unreacted parts of the polymeric backbone more volatile. A decrease in thermo-
mechanical properties due to POSS aggregates has been reported in literature [11] 
and can be partially overcome by using multi-functional POSS cages or flexible 
additives that act like spacers [10]. 
 Figure 4 TGA curves for samples before and after UV radiation. 
 
3.4 Surface chemistry 
The bands of interest for the analysis of UV induced degradation are those at 3100 
and 2800-2900 cm-1 due to sp2 and sp3 C-H stretching respectively, at 1600-1580  
cm-1 range due to C=C stretching of the benzene ring, at 1720 cm-1 due to C=O 
stretching and at the 1050-1200 cm-1 due to C-O stretching [12]. The FTIR spectra for 
various samples are displayed in Figure 5. There was no measurable change in the 
FTIR spectra of the CY/Amine/SiO2 sample after 24h of UV radiation. In case of the 
CY/Amine/POSS resin system, a small decrease in absorptions is observed. The 
POSS-modified system is less effective as a protective layer probably due to the fact 
that it is difficult to properly disperse the modifier and a uniform silicon rich surface 
was not obtained. Significant changes due to UV radiation are noticed in case of 
unmodified TGDDM epoxy. It appears that 24h of UV radiation was enough to almost 
completely remove the ultra-thin top layer of the film. The bands in the region 1600-
1400 cm-1, attributed to the stretches in the aromatic ring, decreased during UV 
treatment, which indicates the degradation of aromatic rings. There is also a significant 
increase in the carbonyl C=O band, which is probably a result of ring opening 
reactions.  
 Figure 5 ATR-FTIR spectra of untreated versus UV radiated CFRP structures. 
 
4 CONCLUSION 
Surface protection of the types of highly aromatic epoxy resin ideal for providing 
sufficient stiffness to support long deployable CFRP structures can be obtained by 
covering the outer surfaces with a cycloaliphatic epoxy resin system cured with 
cycloaliphatic amines and additionally reinforced with silicon nanomodifiers. This 
preliminary study allows us to conclude that both nanosilica and POSS are good 
candidates to decrease the surface degradation caused by UV radiation.  
Taking into consideration only the degradation by UV radiation, it seems like nanosilica 
is a better modifier, due to the fact that it disperses more easily within a cycloaliphatic 
epoxy, which contributes to a lower surface roughness and maintenance of thermal 
stability. It is also more cost effective than POSS. Analysis of CY/Amine/SiO2 with 
FTIR-ATR shows that surface chemistry is not affected by UV radiation whereas 
unmodified TGDDM epoxy resin undergoes significant chemical changes. Modification 
with POSS nanocages also shows higher degradation resistance but is not as effective 
as nanosilica.  
The findings of this study have shown that the application of organic-inorganic surface 
protection is effective in protecting highly aromatic epoxy resins from the degradation 
caused by UV radiation. The outcome of this research contributes to the development 
of multi-functional deployable structures that not only exhibit fascinating structural 
properties, but are also more resilient in demanding environments.  
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